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(57) Abstract: A method for forming a modified semiconductor having a number of band gaps. The first step involves providing 
a semiconductor having a surface and a quantum region which emits photons in response to electrical or optical stimulation, the 
quantum region having an original band gap and being disposed under the surface. The next step involves applying a number of 
layers of a number of materials to a number of selected regions of the surface, the materials being adapted to cause, upon thermal 
annealing, a number of different degrees of intermixing in a number of portions of the quantum region disposed immediately below 
each of the selected regions of the surface. The layers of materials can be applied in a dot or line pattern, or both, to increase 
the plurality of band gap tuning. The next step involves thermally annealing the layers to the surface such that the layers cause a 
number of degrees of intermixing in the different portions of said quantum region thereby shifting the original band gaps of those 
portions. These steps result in a modified semiconductor which exhibits a number of different band gaps in a number of portions 
of the quantum region depending upon the positioning of the layers of materials on the surface immediately above the respective 
portions of the quantum region. 
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(57) Abstract: A method for forming a modified semiconductor having a number of band gaps. The first step involves providing 
a semiconductor having a surface and a quantum region which emits photons in response to electrical or optical stimulation, the 
quantum region having an original band gap and being disposed under the surface. The next step involves applying a number of 
layers of a number of materials to a number of selected regions of the surface, the materials being adapted to cause, upon thermal 
annealing, a number of different degrees of intermixing in a number of portions of the quantum region disposed immediately below 
each of the selected regions of the surface. The layers of materials can be applied in a dot or line pattern, or both, to increase 
the plurality of band gap tuning. The next step involves thermally annealing the layers to the surface such that the layers cause a 
number of degrees of intermixing in the different portions of said quantum region thereby shifting the original band gaps of those 
portions. These steps result in a modified semiconductor whicfT exhibits a number of different band gaps in a number of portions 
of the quantum region depending upon the positioning of the layers of materials on the surface immediately above the respective 
portions of the quantum region. 
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METHOD FOR FORMING A MODIFIED SEMICONDUCTOR HAVING A 

PLURALITY OF BAND GAPS 

Technical Field 

5 The present invention relates to semiconductor heterostructures and, in 

particular, relates to a method for forming a modified semiconductor having a 
plurality of band gaps. 



Background Art 

10 Many optoelectronic devices consist of a quantum structure or quantum 

region embedded within a semiconductor heterostructure. These quantum 
regions may take the form of a quantum well, a superlattice, a quantum wire or a 
quantum dot. When manufacturing such semiconductor optoelectronic devices it 
is extremely important to control the optical band gap of the quantum structure. 

15 The monolithic integration of optoelectronic components requires the production 
of a heterostructure which has different transition energy levels across different 
areas of its surface. Achieving these different transition energy levels is known 
as "band gap tuning". 

One known method of band gap tuning a semiconductor heterostructure is 
20 known as "impurity induced quantum well intermixing". This technique employs 
the diffusion of impurity atoms to enhance the quantum well intermixing. An 
example of this technique is described in US Patent No 5,815,522 (Nagai). 

This technique has the disadvantage that the diffusion of the impurities 
may alter the electrical properties of the semiconductor and deteriorate the optical 
25 quality of the device. For this reason, impurity induced intermixing is not quite 
suitable for the fabrication of active devices. 

Another known method is called "ion-implantation induced intermixing". 
According to this technique, the intermixing is enhanced by the defects generated 
during ion implantation. Alternatively, the intermixing may be enhanced by ions 
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implanted directly into the active region of the semiconductor. An example of this 
technique is described in US Patent No 6,027,989 (Poole et al). 

One application of the technique is described in US Patent No 6,005,881 
(Ikoma). That patent discloses a method of generating a semiconductor laser 
5 using ion implantation induced quantum well intermixing. The laser produced by 
that technique has a transparent output window structure which is suitable for 
high-powered operation. 

However, one disadvantage of this method is that the ion implantation 
causes damage to the semiconductor heterostructure. 

10 Another known method is called "impurity free vacancy enhanced 

disordering" (IFVD). According to this technique, a dielectric layer is deposited on 
top of the heterostructure in order to generate atomic vacancies at the interface of 
the dielectric layer and the semiconductor surface. These vacancies are 
generated at an elevated temperature. According to this technique the generated 

15 vacancies then diffuse into the heterostructure and thereby enhance the 
interdiffusion of atoms across the heterostructure. 

The present inventors have developed a method for forming a modified 
semiconductor having a plurality of band gaps which overcomes or ameliorates at 
least some of the disadvantages of the prior art. 

20 

Disclosure of Invention 

In a first aspect, the present invention provides a method for forming a 
modified semiconductor having a plurality of band gaps, the method comprising 
the steps of: 

25 providing a semiconductor having a surface and a quantum region which 

emits photons in response to electrical or optical stimulation, the quantum region 
having an original band gap and being disposed under said surface; 

applying a plurality of layers of a plurality of materials to a plurality of 
selected regions of said surface, said plurality of materials being adapted to 
30 cause, upon thermal annealing, a plurality of degrees of intermixing in a plurality 
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of portions of said quantum region disposed immediately below each of said 
selected regions of said surface; and 

thermally annealing said plurality of layers to said surface such that said 
layers of said materials cause said plurality of degrees of intermixing in said 
5 piuraiity of portions of said quantum region thereby shifting the original band gaps 
of said portions of said quantum region, 

thereby forming a modified semiconductor which exhibits a plurality of 
different band gaps in said plurality of portions of said quantum region depending 
upon the positioning of said plurality of layers of said plurality of materials on the 
10 surface immediately above the respective portions of said quantum region. 

Preferably, the step of applying a plurality of layers of a plurality of 
materials to a plurality of selected regions of the surface comprises applying the 
plurality of layers in a dot and/or line pattern to the plurality of selected regions of 
the surface, each of the patterned layers having different dot and/or line densities, 
15 and being adapted to cause, upon thermal annealing, a plurality of degrees of 
intermixing in a plurality of portions of the quantum region disposed immediately 
below each of the selected regions of the surface. 

Preferably, the plurality of layers comprise between two and five layers 
and the plurality of materials comprise between two and five materials. 

20 Preferably, at least one of said materials is selected from one of: 

(a) Si0 2: or 

(b) Si x N y , wherein x and y are integers greater than 0. More preferably, 
the step of applying the plurality of layers of the plurality of materials to the 
plurality of selected regions of the surface comprises applying at least one of 

25 layers using one or more of the following techniques: 

(a) plasma enhanced chemical vapor deposition (PECVD); 

(b) Erbeam evaporation; or 

(c) the spin-on method. 

Alternatively, at least one of the materials is selected from one of: 
30 (a) LTInP (low temperature deposited InP); or 
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(b) LT(ln)GaAs (low temperature deposited InGaAs or GaAs). More 
preferably, the step of applying the plurality of layers of the plurality of materials 
to the plurality of selected regions of the surface comprises applying at least one 
of the layers using one or more of the following techniques at a lower epitaxy 
5 temperature: 

(a) metal organic chemical vapor deposition (MOCVD); or 

(b) molecular beam epitaxy (MBE). 

Preferably, the step of applying a plurality of layers of a plurality of 
materials to a plurality of selected regions of the surface comprises applying one 
10 or more of the layers in a pattern. More preferably, the step of applying one or 
more of the layers in a pattern comprises: 

(a) applying the layer to the selected region of the surface; and 

(b) patterning the layer using one or more of the following techniques: 
(i) photolithography; or 

15 (ii) electron-beam lithography. 

Preferably, the step of applying one or more of the layers in a pattern 
comprises applying the one or more layers in one or more of: 

(a) a dot pattern comprising a plurality of dots separated by a plurality 
of spaces; 

20 (b) an inverse dot pattern comprising a plurality of inverse dots 

separated by a plurality of inverse spaces; 

(c) a line pattern comprising a plurality of lines separated by a plurality 
of spaces; 

(d) an inverse line pattern comprising a plurality of inverse lines 
25 separated by a plurality of inverse spaces; or 

(e) a planar pattern. 

Preferably, the dots, inverse dots, lines and inverse lines have relatively 
uniform diameters within each pattern and wherein the spaces and inverse 
spaces are relatively uniform within each pattern. More preferably, the diameters 
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of the dots and lines is less than or equal to 2 pm. Even more preferably, the 
spaces and inverse spaces are less than or equal to 2 Mm. 

Preferably, the step of applying the plurality of layers of the plurality of 
materials to the plurality of selected regions of the surface comprises applying the 
5 iayers to a thickness ranging from 10 nrrs to 500 nm. 

Preferably, the step of thermally annealing the heterostructure comprises 
rapidly thermally annealing the heterostructure by heating the heterostructure at 
temperatures ranging from 500 to 1000 °C for periods of time ranging from 1 to 
1000 seconds. 

10 Preferably, the semiconductor comprises: 

(a) a semiconductor substrate; and 

(b) a quantum region. 

More preferably, the semiconductor substrate is made from either: 
(a) inP; or 
15 (b) GaAs. 

Preferably, the quantum region comprises one or more of: 

(a) a single quantum well structure; 

(b) a multiple quantum well structure; 

(c) a super lattice structure; 

20 (d) a quantum wire structure; or 

(e) a quantum dot structure. 

Preferably, the quantum well structure comprises of one or more of: 

(a) InGaAsP/lnGaAsP; 

(b) InGaAsP/lnP; 



(c) 



InGaAs/lnP; 
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(d) GaAs/AIGaAs; 

(e) InGaAs/GaAs; 

(f) InGaAIAs/GaAs; or 

(g) InGaAsN/GaAs. 

5 

In a second aspect, the present invention provides a modified 
semiconductor having a plurality of band gaps, the semiconductor comprising: 

(a) a surface; 

(b) a quantum region which emits photons in response to electrical or optical 
10 stimulation, the quantum region having an original band gap and being disposed 

under said surface; and 

(c) a plurality of layers of a plurality of materials disposed on a plurality of 
selected regions of said surface, said plurality of materials being adapted to 
cause, upon thermal annealing, a plurality of degrees of intermixing in a plurality 

15 of portions of said quantum region disposed immediately below each of said 
selected regions of said surface; 

wherein the plurality of layers are thermally annealed to said surface, 

and wherein said modified semiconductor exhibits a plurality of different 
band gaps in said plurality of portions of said quantum region according to the 
20 positioning of said plurality of layers of said plurality of materials on the surface 
immediately above the respective portions of said quantum region. 

Preferably, the plurality of layers comprises a plurality of patterned layers 
disposed on the plurality of selected regions of the surface, each of the plurality of 
patterned layers comprising an array of dots and/or lines, each having different 
25 dot and/or line densities and being adapted to cause, upon thermal annealing, a 
plurality of degrees of intermixing in a plurality of portions of the quantum region 
disposed immediately below each of the selected regions of the surface. 

In one form, the modified semiconductor takes the form of a laser. 
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Throughout this specification, unless the context requires otherwise, the 
word "comprise", or variations such as "comprises" or "comprising", will be 
understood to imply the inclusion of a stated element, integer or step, or group of 
elements, integers or steps, but not the exclusion of any other element, integer or 
5 step, or group of elements, integers or steps. 

Any discussion of documents, acts, materials, devices, articles or the like 
which has been included in the present specification is solely for the purpose of 
providing a context for the present invention. It is not to be taken as an 
admission that any or all of these matters form part of the prior art base or were 
10 common general knowledge in the field relevant to the present invention as it 
existed before the priority date of each claim of this application. 

Preferred Embodiment 

A preferred embodiment of the invention will now be described, by way of 
15 example only, with reference to the accompanying drawings in which: 

Figure 1 is a flow chart illustrating the method of band gap tuning a 
semiconductor heterostructure according to the invention; 

Figures 2A and 2B are schematic side views of a semiconductor 
heterostructure being band gap tuned according to a first preferred method; 

20 Figures 3A to 3C are schematic side views of a semiconductor 

heterostructure being band gap tuned according to a second preferred method; 

Figure 4 is a flow chart illustrating the third preferred method according to 
the invention; 

Figures 5A to 5C are schematic plan views of dot and line patterns 
25 employed in the third preferred method of the present invention; 

Figures 6A-6I are schematic side and plan views of a semiconductor 
heterostructure being band gap tuned according to the third preferred method; 

Figure 7 is a graph of the photoluminescence spectra exhibited by a 
semiconductor heterostructure formed according to the second preferred method 
30 of the present invention; 
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Figure 8 is a graph illustrating the effect of annealing time on the blueshift 
of the photoluminescence peak wavelength of different layer materials; 

Figure 9 is a graph illustrating the relationship between the coverage ratio 
and the wavelength of semiconductor heterostructures which have been band 
5 gap tuned according to the third preferred method; 

Figure 10 shows the blueshift of the transaction energy versus the Si x N y 
coverage ratio of the samples used in the experiments whose results appear in 
the graph of Figure 9; 

Figure 1 1 is a perspective schematic diagram of a monolithically integrated 
10 dual wavelength ridge waveguide laser manufactured according to the invention; 
and 

Figure 12 is a plan view of a schematic diagram of a laser source with four 
different wavelengths, which could be manufactured according to the method of 
the present invention. 

15 

The present invention is a method of band gap tuning a semiconductor 
heterostructure. Figure 2A shows a side view of an example semiconductor 
heterostructure 1. As seen in that figure, the heterostructure includes a 
semiconductor substrate 2 having a surface 3 and a quantum region 4 embedded 
20 therein. In this preferred embodiment the semiconductor substrate is made up of 
one or more layers of InP or GaAs. 

The quantum region 4 may be a single quantum well structure, a multiple 
quantum well structure, a superlattice structure, a quantum wire structure, a 
quantum dot structure or their combinations. When the quantum region 4 takes 
25 the form of a quantum well structure, it may be made up of any one of: 

(a) InGaAsP/lnGaAsP; 

(b) InGaAsP/lnP; 

(c) InGaAs/lnP; 

(d) GaAs/AIGaAs; 



WO 03/085742 




9 

(e) InGaAs/GaAs; 

(f) InGaAIAs/GaAs; or 

(g) InGaAsN/GaAs. 

Figure 1 shows a simplified flow chart of the first and second preferred 
5 methods of the present invention. The first step involves applying 5 a layer of a 
first material to first selected regions of the semiconductor surface 3. This 
applying step is then repeated for as many additional layers of additional 
materials as required. The preferred embodiment includes two, three or four 
layers of different materials. Further layers are also envisaged. 

10 The materials should be selected so that each of the different materials 

varies the intermixing efficiency of the quantum region 4 to different degrees. 
Some materials should enhance the intermixing efficiency of the quantum region 
whereas others should suppress the intermixing efficiency of the quantum region. 

As shown in Figure 1, once the layers have been applied to the selected 
15 regions of the semiconductor surface 3, the next step involves annealing 7 the 
heterostructure. This annealing step will cause intermixing in the quantum region 
4 and will produce a semiconductor heterostructure 1 with a surface 3 having 
particular regions which exhibit band gap shifts depending upon how many of 
layers of material they were covered by in the applying step 5. For example, if a 
20 region was only covered by a layer of the first material, it would exhibit a different 
band gap shift from another region of the surface which was only covered by a 
layer of the second material. In turn, a region which was covered by layers of 
both the first and second materials would exhibit a third degree of band gap shift. 

Preferred embodiments of this method involving the application of two or 
25 three layers of material will now be described with reference to Figures 2A to 3C. 

Turning to Figure 2A, the first preferred method involves applying 5 a layer 
of a first material 8 to a region marked "A" on the semiconductor surface 3. The 
next step shown in Figure 2B involves applying 6 a layer of a second material 9 to 
the regions marked "A" and "B" on the semiconductor surface 3. 
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The two materials 8,9 should be selected so that they vary the intermixing 
efficiency of the quantum region to different degrees. Some examples of 
appropriate layer materials are: 

(a) Si0 2: 

5 (b) Si x N y wherein x and y are integers greater than zero : 

(c) LTInP (low temperature deposited InP); or 

(d) LT(ln)GaAs (low temperature deposited InGaAs or GaAs). 

The inventors have found the following combinations to work well as the 
first and second materials respectively; Si0 2 and Si x N y , LTInP and Si x N y , 
10 LT(ln)GaAs and Si x N y . A number of other combinations are also envisaged. 

The layers of Si0 2 and S x N y should be applied to the semiconductor 
surface 3 using any of the following techniques: 

(a) plasma enhanced chemical vapour deposition (PECVD); 

(b) E-beam evaporation; or 

15 (c) the spin-on method. 

The layers of LTInP and LT(ln)GaAs should be deposited on the 
semiconductor surface at a lower epitaxy temperature by either of the following 
techniques: 

(a) metal organic chemical vapour deposition (MOCVD); or 

20 (b) molecular beam epitaxy (MBE). 

Returning to Figure 1, the next step involves thermally annealing the 
semiconductor heterostructure 1. This annealing step 7 involves rapidly thermally 
annealing the heterostructure at temperatures ranging from 500 to 1000°C for 
time periods ranging from 1 to 1000 seconds. Different band gap shifts can be 
25 achieved with different annealing temperatures and times. These variations are 
discussed below with reference to the graph of Figure 8. 

This annealing causes intermixing in the quantum region 4 and results in 
different regions of the semiconductor surface 3 exhibiting different band gap 
shifts depending upon whether they were covered by a layer of the first material, 
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a layer of the second material, or a layer of each of the first and second materials. 
For example, the region marked "A" in Figure 2B would exhibit a band gap shift 
somewhere in between the band gap shifts usually exhibited by the first and 
second materials 8, 9, whereas the region marked "B" would exhibit a band gap 
5 shift corresponding to the usual band gap shift exhibited by the second material 
9. 

A second preferred method is illustrated in Figures 3A to 3C. The steps of 
applying 5 the layers of a first material 8 and a second material in Figures 3A and 
3B are the same steps as described with reference to Figures 2A and 2B except 
10 that the layer of the first material 8 is applied in the region marked "C" and the 
layer of the second material 9 is applied in the regions marked "C" and "D". The 
same numerals have been used to indicate corresponding integers. 

Figure 3C shows the additional step of applying a layer of a third material 
10 to a selected region (the regions marked "C", "D" and "E') of the surface 3. 
15 The materials used in each of the three layers may be selected from the same 
group of materials suggested above in the two layer version. Alternative 
materials may also be selected, providing that the three materials are adapted to 
vary the intermixing efficiency of the quantum region to different degrees. This is 
so that different combinations of the layers produce different band gap shifts. 

20 Once the semiconductor heterostructure 1 shown in Figure 3C is thermally 

annealed, the surface 3 of the semiconductor 1 will exhibit different band gap 
shifts at different regions of the surface depending upon the layers of first, second 
and third materials applied to that region. 

By applying the different layers of material to different regions of the 
25 surface, a variety of different band gap shifts can be achieved in different regions 
of the semiconductor surface. 

The embodiments described so far have involved the steps of applying 5 
two or more layers of materials and annealing 7 them to band gap tune a 
semiconductor heterostructure. The method illustrated in the flow chart of Figure 
30 4 uses those same steps but adds the step of patterning 6 one or more of the 
layers to produce a wider variety of possible band gap shifts. 
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Figures 5A to 5C are schematic plan views of dot and line patterns 
employed in this third preferred method of the present invention. 

In Figure 5A a dot pattern is shown where the dots 11 each have a 
diameter of 1 ^im. Each of the dots are separated from each other by 2 |im. 

5 In Figure 5B a dot pattern is shown where the dots 11 each have a 

diameter of 1 jim. Each of the dots are separated from each other by 1 jam. 

In Figure 5C a line pattern is shown in which each of the lines 12 have a 
diameter of 1 ^m and are separated from one another by 2 fim. 

The inventors have found that by applying the layers in these regular 
10 patterns, they can accurately control the surface coverage of particular materials 
and thereby control the band gap tuning. For example, in Figure 5A, the spaces 
between the dots represent 90% of the surface area, the spaces between the 
dots in Figure 5B represent 75% of the surface area and the spaces between the 
lines in Figure 5C represent 67% of the surface area. 

15 The inventors have found favourable results by applying a layer of material 

and then patterning the layer into the dot or line arrays using photolithography or 
electron-beam lithography. In the preferred embodiment, the diameters and 
separations of the dots 11 and lines 12 are relatively uniform and range from less 
than 1 |im up to 2 (im. Alternative pattern styles, sizes and separations are also 

20 envisaged including inverse dot patterns, inverse line patterns, planar patters, 
lattice style patterns and the like. 

Figure 6A to 61 are schematic side and plan views of a semiconductor 
heterostructure being band gap tuned according to the third preferred method 
which includes this patterning step. 

25 As shown in Figure 6A, the method involves applying 5 a layer of a first 

material 8 to a semiconductor heterostructure 1 having a surface 3 and a 
quantum region 4. 

As shown in Figure 6B, the next step involves removing part of the layer of 
first material from the surface 3 leaving a covered region marked "F" and an 
30 uncovered region marked "G". 
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The next step, shown in the side view of Figure 6C, involves patterning 6 
the layer of the first material 8. In this example, two types of dot pattern are used. 
Referring to the plan view of Figure 6D, the first pattern is applied to the area of 
the surface defined by the combination of the regions marked "F" and "H. This 

5 first pattern is a dot pattern of 1 urn dots 1 1 separated from each other by spaces 
13 of 1 urn. The second dot pattern applied to the area of the surface defined by 
the combination of the regions marked "F" and "J" is a pattern of 1 ym dots 
separated by distances of 2 |im. 

Turning to Figure 6E, the next step involves applying a layer of a second 

10 material 9 to the semiconductor surface 3. In this example, it can be seen that 
the second material fills the spaces 13 between the dots 1 1 of the first material in 
the region marked "F". The layer of the second material also covers the region of 
the surface marked "G". 

Turning to Figure 6F, the next step involves patterning 6 the layer of the 

15 second material 9. In this example, two different line patterns are used in the 
region marked "G" to produce a number of lines 12 of the second material 9. As 
shown in the plan view of Figure 6G, the first line pattern 17 is applied to the area 
of the surface defined by the combination of the regions marked "G" and "H". 
This is a line pattern of 1 jxm lines 12 separated from one another by 2 jam 

20 spaces 13. The second line pattern 18 formed in the area of the surface defined 
by the combination of the regions marked "G" and "J" is a line pattern consisting 
of 1 |xm lines 12 separated from one another by 1 |am spaces 13. 

Turning now to Figure 6H, the next step involves applying a layer of a third 
material 10 to the surface 3 of the semiconductor 1 . As shown in that figure, the 

25 layer of third material 3 fills the gaps 13 between the lines 12 of the second 
material 9 in the region marked "G". 

The next step involves thermally annealing 7 the heterostructure to cause 
intermixing in the quantum region thereby producing a semiconductor 
heterostructure with a surface having particular regions which exhibit different 

30 band gap shifts depending on which combination of materials they were covered 
by. 
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Figure 61 shows the resultant semiconductor surface in plan view. Each of 
the four main regions of the semiconductor surface 3 (FH, FJ, GH and GJ) will 
exhibit different transition energy shifts depending up on the coverage ratio of 
each of the three materials. 

5 Using this invention, a iarge variety of band gap shifts can be achieved by 

combining two, three, four or more layers of different materials and by applying 
them in different coverage ratios by patterning the layers in different ways. 
Figures 7 to 10 provides some specific examples of the different band gap shifts 
which can be achieved using different materials, different annealing processes 

10 and different pattern coverage ratios. 

Figure 7 shows a graph of the photoluminescence spectra exhibited by a 
semiconductor heterostructure tuned according to the method of the present 
invention. In this example used a layer of LTInP 15 was applied to a first region 
of the surface, a layer of Si0 2 14 was applied to an adjacent region of the surface 

15 and a layer SiN 16 was applied to another region of the surface. The surface of 
the heterostructure was a thin InGaAs capping layer. The semiconductor 
. heterostructure was then rapidly thermally annealed at 750°C for 60 seconds. 
The X axis of Figure 7 represents the wavelength (in nanometres) and the Y axis 
represents the photoluminescent intensity exhibited by the quantum well 

20 structure. It can be seen from Figure 7 that each of the different materials varied 
the intermixing efficiency of the quantum well structure to different degrees. 

Figure 8 is a graph illustrating the effect of annealing time on the blueshift 
of the photoluminescence peak wavelength 9 of different layer materials. The X 
axis of Figure 8 represents the annealing time in seconds and the Y axis 

25 represents the blueshift in nanometres. From these test results it can be seen 
that the blueshift of the photoluminescent peak energy for the Si0 2 covered 
sample 14 and the LTInP covered sample 15 increase as the annealing time 
increases. It can also be seen that a layer of LTInP will blueshift the band gap 
more than a layer of Si0 2 . This graph also shows that the photoluminescent 

30 peak energy for the Si x N y sample 1 6 remains substantially the same for the entire 
range of annealing times. 
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In the samples analysed the inventors applied SixN Y films with thicknesses 
ranges from 30 nm to 240 nm using plasma enhanced chemical vapour 
deposition (PECVD). The inventors found that the suppression effect, in terms of 
photoluminescent blueshift, was the same for all of these thicknesses of film. 
5 These tests suggested that the material which blueshifts the band gap the least is 
Si x N y> the material which blueshifts the band gap the most is LTInP and the 
material which blueshifts the band gap to a medium degree is Si0 2 . 

Turning now to Figure 9, this graph illustrates the effectiveness of the 
patterning step in band gap tuning a semiconductor heterostructure. In this 

10 experiment a semiconductor heterostructure having a three quantum well 
structure consisting of InGaAsP/lnP was used. Five sample semiconductors 
were covered by a layer of Si x N y and a layer of Si0 2 in different Si x N y /Si0 2 
coverage ratios. The 0% coverage ratio indicates that the surface area was 
totally covered by Si0 2 . The 10% coverage ratio indicates that the surface area 

15 was covered by 10% Si x N y and the 100% coverage ratio indicates that the 
surface area was entirely covered by Si x N y . The intermediate coverage rations 
are self explanatory. This experiment indicated that the wavelengths exhibited by 
the quantum well could be accurately manipulated by varying the coverage ratios 
of the different layers. 

20 It also indicated that the intermixing in the quantum wells was uniform 

since the photoluminescent spectra for samples with different Si x N y /Si0 2 
coverage ratios had similar line widths. 

Figure 10 shows the blueshift of transition energy versus the Si x N y 
coverage ratio of the samples used in the experiments shown in Figure 9. The X 

25 axis of Figure 10 indicates the Si x N y coverage ratio expressed as a percentage of 
the surface area, the Y axis represents the energy shift in meV. This graph 
shows that the largest blueshift was exhibited by the sample that was fully 
covered with Si0 2 . The least shift was that exhibited by the sample having its 
surface fully covered by Si x N y . Three intermediate values were also shown. 

30 Using this technique the inventors were able to achieve at least five different 
transition energies in different areas of a single semiconductor heterostructure 
using just two different materials and one thermal annealing step. 
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The inventors have found that the same technique may also be applied to 
a combination of Si x N y and LTInP or Si x N y and LT(ln)GaAs but with a larger 
blueshift in the photoluminscent spectra for the same Si x N y coverage ratio. 
Other favourable results were found using a combination of Si0 2 and LTInP or 
5 Si0 2 and LT(ln)GaAs because the materials vary the intermixing efficiency of the 
quantum region to different degrees. 

To obtain a wider range of transition energy shifts when fabricating more 
complicated or large scale photonic integrated circuits, three or more layers of 
materials can be employed at the same time. By varying the coverage ratios of 
10 the various materials many more transition energy shifts can be achieved across 
the heterostructure. 

One application example of the present invention is shown in Figure 1 1 . 
That figure shows a perspective schematic diagram of a monolithically integrated 
dual wavelength ridge waveguide laser. The example shown is a graded index 

15 separate confinement heterojunction (GRINSCH) laser structure. The n-type 
substrate 21 may be a GaAs or InP semiconductor or the like. On top of the 
substrate 21 is a lower cladding layer 22 with n-type doping to 2x1 0 18 cm' 3 . The 
laser also includes an upper cladding layer 26 with p-type doping to 5x1 0 18 cm* 3 . 
Between the lower and upper cladding layers lie the lower 23 and upper 25 

20 confinement-layers which sandwich the active region 24 which,-in this example, is 
a quantum well structure. The laser also includes metal contacts 28, 29 for the 
electrodes. 

By applying different layers of different materials to the surface of the 
semiconductor heterostructure in different patterns, a number of different regions, 
25 each exhibiting different wavelengths, can be achieved. In this example, the 
combination of two films, either Si0 2 and Si x N y or LTInP-LT(ln)GaAs and Si x N y 
may be used to achieve wavelengths X 2 X$ and A*. 

In this example gain region 16 has wavelength Xi and gain region 17 has 
wavelength X 2 . The Y-junction coupler region 19 has a transition energy with 
30 wavelength X* that is short enough to ensure that it is completely transparent to 
wavelengths X<\ and X 2 . The isolator 18 has a wavelength A, 3 that should be 
transparent to Xi but which absorbs wavelength X 2 so that laser light from the 
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gain region 17 will not optically pump gain region 16 when only gain region 17 is 
electrically biased. In this way the four different band gap regions in the wafer 
can be used to produce a monolithically integrated dual wavelength ridge 
waveguide laser. 

5 Figure 12 shows another example of an application of the present 

invention. That figure shows a plan view of a schematic diagram of a laser 
source with four different wavelengths, each of which have monolitically 
integrated modulators. In order to manufacture such a laser, the transition 
energy level of the heterostructure requires nine different values at nine different 

10 regions across the surface. In order to achieve this result, three different 
encapsulating layers should be used with the patterning techniques illustrated 
with reference to Figures 6A to 61. 

As shown in Figure 12, the semiconductor heterostructure 1 should have 
the patterned layers applied to it in such a way as to produce active laser regions 

15 30, 31, 32 and 33 having wavelengths \ 2 , ^3 and X 4 respectively. These 
active regions should be integrated with modulators 34, 35, 36 and 37 which each 
have transition energy levels which are slightly larger than those of the active 
regions to which they are connected. These modulators are integrated with Y- 
junction couplers 38 and 39 which are integrated with a further Y-junction coupler 

20 19. These three Y-junction couplers combine to couple the four laser beams into 
the one output wave guide 20 which exhibits all four wavelengths. The Y-junction 
couplers should have transition energy levels and output wave guides which are 
larger than those of the active regions and the modulator regions in order to avoid 
absorption. 

25 In order to form such a laser the heterostructure 1 needs to exhibit nine 

different transition energy levels, one for each of the four active regions, one for 
each of the four modulator regions and one further transition energy level for the 
three Y-junction couplers together. The present invention provides a method of 
readily achieving nine or more different transition energy levels in different areas 

30 of a single heterostructure. 

It will be appreciated by persons skilled in the art that numerous variations 
and/or modifications may be made to the invention as shown in the specific 
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embodiments without departing from the spirit or scope of the invention 
broadly described. The present embodiments are, therefore, to be considered 
all respects as illustrative and not restrictive. 
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Claims: 

1. A method for forming a modified semiconductor having a plurality of band 
gaps, the method comprising the steps of: 

providing a semiconductor having a surface and a quantum region which 
5 emits photons in response to electrical or optical stimulation, the quantum region 
having an original band gap and being disposed under said surface; 

applying a plurality of layers of a plurality of materials to a plurality of 
selected regions of said surface, said plurality of materials being adapted to 
cause, upon thermal annealing, a plurality of degrees of intermixing in a plurality 
10 of portions of said quantum region disposed immediately below each of said 
selected regions of said surface; and 

thermally annealing said plurality of layers to said surface such that said 
layers of said materials cause said plurality of degrees of intermixing in said 
plurality of portions of said quantum region thereby shifting the original band gaps 
15 of said portions of said quantum region, 

thereby forming a modified semiconductor which exhibits a plurality of 
different band gaps in said plurality of portions of said quantum region depending 
upon the positioning of said plurality of layers of said plurality of materials on the 
surface immediately above the respective portions of said quantum region. 

20 

2. A method according to claim 1 wherein said plurality of layers comprises 
between two and five layers and wherein said plurality of materials comprises 
between two and five materials. 

25 3. A method according to claim 1 or claim 2 wherein at least one of said 
materials is selected from one of: 

(a) Si0 2; or 

(b) Si x Ny, wherein x and y are integers greater than 0. 
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4. A method according to claim 3 wherein said step of applying said plurality 
of layers of said plurality of materials to said plurality of selected regions of said 
surface comprises applying at least one of layers using one or more of the 
following techniques: 

5 (a) plasma enhanced chemicai vapor deposition (PECVD); 

(b) E-beam evaporation; or 

(c) the spin-on method. 

5. A method according to claim 1 or claim 2 wherein at least one of said 
10 materials is selected from one of: 

(a) LTInP (low temperature deposited InP); or 

(b) LT(ln)GaAs (low temperature deposited InGaAs or GaAs). 

6. A method according to claim 5 wherein said step of applying said plurality 
15 of layers of said plurality of materials to said plurality of selected regions of said 

surface comprises applying at least one of said layers using one or more of the 
following techniques at a lower epitaxy temperature: 

(a) metal organic chemical vapor deposition (MOCVD); or 

(b) molecular beam epitaxy (MBE). 

20 

7. A method according to any one of claims 1 to 6 wherein the step of 
applying a plurality of layers of a plurality of materials to a plurality of selected 
regions of said surface comprises applying one or more of said layers in a 
pattern. 

25 

8. A method according to claim 7 wherein said step of applying one or more 
of said layers in a pattern comprises: 

(a) applying said layer to said selected region of said surface; and 

(b) patterning said layer using one or more of the following techniques: 
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(ii) 

9. A method according to claim 7 or claim 8 wherein said step of applying 
5 one or more of said layers in a pattern comprises applying said one or more 

layers in one or more of: 

(a) a dot pattern comprising a plurality of dots separated by a plurality of 
spaces; 

(b) an inverse dot pattern comprising a plurality of inverse dots separated by a 
10 plurality of inverse spaces; - 

(c) a line pattern comprising a plurality of lines separated by a plurality of 
spaces; 

(d) an inverse line pattern comprising a plurality of inverse lines separated by 
a plurality of inverse spaces; or 

15 (e) a planar pattern. 

10. A method according to claim 9 wherein said dots, inverse dots, lines and 
inverse lines have relatively uniform diameters within each pattern and wherein 
said spaces and inverse spaces are relatively uniform within each pattern. 

20 

11. A method according to claim 10 wherein said diameters of said dots and 
lines is less than or equal to 2 pm. 

12. A method according to claim 10 or claim 11 wherein said spaces and 
25 inverse spaces are less than or equal to 2 pm. 
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photolithography; or 
electron-beam lithography. 



13. A method according to any one of the preceding claims wherein said step 
of applying said plurality of layers of said plurality of materials to said plurality of 
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selected regions of said surface comprises applying said layers to a thickness 
ranging from 10 nm to 500 nm. 

14. A method according to any one of the preceding claims wherein said step 
5 of thermally annealing said heterostructure comprises rapidly thermally annealing 

said heterostructure by heating said heterostructure at temperatures ranging from 
500 to 1000 °C for periods of time ranging from 1 to 1000 seconds. 

15. A method according to any one of the preceding claims wherein said 
10 semiconductor comprises: 

(a) a semiconductor substrate; and 

(b) a quantum region. 

16. A method according to claim 15 wherein said semiconductor substrate is 
15 made from either: 

(a) lnP;or 

(b) GaAs. 

17. A method according to claim 15 or claim 16 wherein said quantum region 
20 comprises one or more of: 

(a) a single quantum well structure; 

(b) a multiple quantum well structure; 

(c) a super lattice structure; 

(d) a quantum wire structure; or 
25 (e) a quantum dot structure. 

18. A method according to claim 17 wherein said quantum well structure 
comprises of one or more of: 
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(a) InGaAsP/lnGaAsP; 

(b) InGaAsP/lnP; 

(c) InGaAs/lnP; 

(d) GaAs/AIGaAs; 
5 (e) InGaAs/GaAs; 

(f) InGaAIAs/GaAs; or 

(g) InGaAsN/GaAs. 

19. A modified semiconductor having a plurality of band gaps and being 
10 formed by the method as defined in any one of claims 1 to 18. 

20. A modified semiconductor according to claim 19 forming a laser. 

21. A modified semiconductor having a plurality of band gaps, the 
15 semiconductor comprising: 

(a) a surface; 

(b) a quantum region which emits photons in response to electrical or optical 
stimulation, the quantum region having an original band gap and being disposed 
under said surface; and 

20 (c) a plurality of layers of a plurality of materials disposed on a plurality of 
selected regions of said surface, said plurality of materials being adapted to 
cause, upon thermal annealing, a plurality of degrees of intermixing in a plurality 
of portions of said quantum region disposed immediately below each of said 
selected regions of said surface; 

25 wherein the plurality of layers are thermally annealed to said surface, 

and wherein said modified semiconductor exhibits a plurality of different 
band gaps in said plurality of portions of said quantum region according to the 
positioning of said plurality of layers of said plurality of materials on the surface 
immediately above the respective portions of said quantum region. 
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22. A method for forming a modified semiconductor having a plurality of band 
gaps substantially as described herein with reference to the examples and 
drawings. 



5 
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